ABSTRACT A mutation at the tottering locus (g, reces-sive, on chromosome 8) stimulates noradrenergic locus coeruleus axon terminal outgrowth and predisposes the brain to generalized spike-wave epilepsy in the young mouse. In an isolated synaptic circuit studied in vitro, the hyperinnervated mutant hippocampal pyramidal neurons respond normally when individually activated; however, latent neuronal signaling defects emerge during synchronous network bursting, revealing two conditional excitability phenotypes: a voltagedependent prolongation of a complex synaptic response, the paroxysmal depolarizing shift, and a P-adrenoreceptor-linked attenuation of the afterhyperpolarization. In this target brain region, the tg locus transforms neuronal excitability without altering measured intrinsic membrane properties, indicating that gene control of inherited epileptic traits may be mediated in part by activity-dependent modulation of network behavior favoring synchronous neuronal firing.
Inherited molecular defects in central nervous system control mechanisms can express epileptic phenotypes in the mouse with distinct patterns of paroxysmal neuronal synchronization. One fundamental question regarding the emergence of neuronal synchrony in epilepsy is whether the intermittent electrical phenotype reflects an underlying conditional excitability defect contingent upon certain patterns of cerebral network behavior, or a static membrane defect whose influence is felt continuously throughout all modes of neuronal signaling. For example, modulation of voltage-and ligandgated ion channel behavior by alterations in neurotransmitter-mediated intracellular second messenger levels might produce transient excitability changes within a synaptic pathway that appear principally during conditions favoring bursting, while intrinsic defects in passive membrane properties might produce more persistent shifts in excitability.
We explored these alternatives by in vitro intracellular analysis of a recessive gene error at the tottering locus (tg, on chromosome 8 between Os and myd) expressing a generalized spike-wave seizure phenotype in neocortex and hippocampus of the young mouse (1, 2) . The hippocampal cornu ammonis region 3 (CA3) subfield was selected as the target brain region for our study, since this region possesses a low threshold for synchronous neuronal burst generation (3, 4) . We find that mutant hippocampal CA3 pyramidal neurons show no alterations in several measured intrinsic membrane properties but display abnormally hyperexcitable responses during synchronous network bursting. The two excitability defects include a voltage-dependent prolongation of an epileptiform neuronal burst response, the paroxysmal depolarizing shift (PDS), and an attenuation of the post-PDS afterhyperpolarization (post-PDS AHP). Post-PDS AHP reduction is a feature of models offocal epileptogenesis (5) 
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was measured by using a digital filtering algorithm to disregard action potentials and sharp fluctuations at the crest of the depolarizing envelope without smoothing by interpolation. This method selects local minima from actual values of membrane potentials during this period, whose first-and second-order derivatives with respect to time are equal to and greater than zero, respectively. The largest membrane potential value was taken to be the peak amplitude of the PDS. The peak post-PDS AHP amplitude was determined as the maximum point of downward deflection in the hyperpolarization following the PDS. Mean PDS amplitudes from 11 +/+ and 18 tg/tg neurons were plotted as a function of holding potential and compared with curves drawn by linear regression by using the least-squares-fit routine. Resting membrane potential and input resistance were measured in all cells. Input resistance and membrane time constant were measured from the voltage responses of cells held at a membrane potential between -70 to -80 mV to 100-ms hyperpolarizing current pulses. The membrane time constant was determined from the best fit of the charging phase of the hyperpolarizing voltage response, generated by a multiexponential curve-fitting program The reduced duration at half-maximal amplitude seen in the bottom trace in the presence of propranolol was not consistently observed. There was no significant difference in the latter parameter between tg cells in the presence (100 ± 9.9 ms; n = 7) and absence of propranolol (tg/tg, 119 ± 10 ins, n = 18; +/+, 73 ± 9 ms, n = 11; P s 0.005) of the PDS were also prolonged in the mutant. No difference in mean PDS duration was found between mutant (647 ± 27 ms, n = 8) and +/+ (701 ± 57 ms, n = 7; P > 0.05) CA3 neurons at hyperpolarized potentials (-67 to -75 mV; mean tg/tg, -69.6 ± 0.5 mV; +/+, -71.7 ± 0.9 mV; Fig.   1B ). The mean PDS duration in both genotypes at these hyperpolarized potentials was considerably longer than that at the depolarized membrane potentials, probably reflecting the reversal of chloride-dependent y-aminobutyric acid GABAA-receptor-mediated synaptic inhibition at the soma (6, 7) . Mean PDS durations measured at half-maximal PDS amplitude did not differ significantly between the genotypes at both depolarized holding potentials (tg/tg, 91 ± 3.5 ms, n = 18; +/+, 78 ± 5.5 ms, n = 11; P > 0.05) and hyperpolarized holding potentials (tg/tg, 98 ± 4.1 ms, n = 5; +/+, 90 ± 11.3 ms, n = 5; P > 0.05). Mean peak amplitudes of the PDS at all membrane potentials examined did not significantly differ in the two genotypes, and there was no apparent difference in the extrapolated reversal potentials ofthe PDS obtained by linear regression. Mutant neurons showed a tendency toward more pronounced spike firing during the PDS than did +/+ cells.
A second abnormality in tg/tg neurons was a 40%o reduction in the mean peak amplitude of post-PDS AHP (3.3 ± 0.3 mV, n -18) compared with +/+ neurons (5.5 ± 0.8 mV, n = 11; P < 0.002) (Fig. 1C) . Intracellular injections of a calcium chelator, BAPTA, reduced the peak post-PDS AHP amplitude by 20-50%o in both genotypes (tg/tg, n = 3; +/+, n = 3) (data not shown), confirming that one component of the slow post-PDS AHP in murine CA3 neurons is a calciummediated hyperpolarizing conductance, similar to the Ca2+-dependent K+ current in rat neurons that is sensitive to P-adrenoreceptor agonists (8) . No consistent difference in the total duration of post-PDS AHP could be detected, since it was highly variable in both genotypes. No difference in the spontaneous burst discharge frequency exists between the two genotypes (9) .
We tested the possibility that these burst-dependent alterations in network excitability might arise from excessive (3- tSpike-induced.
spike-induced AHP (8) significantly enhanced the peak amplitude of the tg post-PDS AHP, correcting the mutant phenotype ( Fig. 2A) . The mean peak amplitude of the tg post-PDS AHP in the presence of propranolol (4.8 ± 0.6 mV, In contrast, PDS duration was unaffected by acute exposure to propranolol in either genotype (Fig. 2B) . Furthermore, bath exposure of +/+ neurons (n = 5) to NE in concentrations (10-50 ,uM) sufficient to reduce the post-PDS AHP did not prolong the PDS (Fig. 2C) The earlier component of the mutant phenotype, the voltage-dependent prolongation of the mutant PDS, cannot be rapidly reversed by 83-adrenergic receptor blockade or mimicked in +/+ cells by brief NE exposure, and the exact mechanism remains to be defined. Several activity-dependent processes could account for the prolonged depolarizing membrane response during this complex giant excitatory postsynaptic potential (EPSP) (18) , including modulation of a voltage-dependent ion channel (19) , unmasking (20) or potentiation (21, 22 ) of excitatory synapses, or attenuation of concurrent synaptic inhibition (23, 24) . Although any of these mechanisms might be altered independently of the aberrant noradrenergic input, it is worth noting that increases in neuronal cAMP levels (25) and potentially in other second messengers (26) altering protein phosphorylation modulated by excessive NE might contribute to longer lasting plasticity (27) (28) (29) in hyperinnervated regions of the tg nervous system.
The cellular origins of generalized, nonconvulsive spikewave epilepsies are unknown but may involve diffuse excitability increases throughout cortical and thalamoreticular pathways (30, 31) . Ifthe burst-related signaling abnormalities in the tg mutant hippocampal cortex are also expressed in NE-sensitive (32, 33) and other cells of the neocortex, thalamus, and other NE-hyperinnervated forebrain areas (10) involved in spike-wave seizure generation, they could favor widespread recruitment of network bursting. In particular, the tendency to generate a prolonged PDS could intensify synchronization of the neuronal population, and the diminished post-PDS AHP could compromise post-PDS neuronal refractoriness, promoting the repeated occurrence of the synchronous discharge.
